Exposure to organochlorines induces retinoid deficiency in mammals; hence, retinoids are potential biomarkers of the impact of these pollutants. Appropriate target tissues to monitor retinoids in cetaceans have not been properly identified because of a lack of information on the contribution of each tissue to total body retinoids. Therefore, we have addressed this issue by studying the contribution of the main body tissues to retinoids in 21 common dolphins obtained from incidental catches and in apparent good health and nutritive condition. Although concentrations in the liver were highest, those in blubber were also high and accounted for 43% of the total retinoid load of the compartments examined. As blubber can be obtained using non-invasive biopsy techniques, this tissue is proposed as a reliable indicator of retinoid status in cetaceans. However, blubber topographical variation in structure and composition requires standardization of sampling sites. Retinoid concentrations did not differ significantly between sexes or with body size for any of the tissues, but the lipid content of blubber strongly influenced these concentrations. Biopsies from healthy, freeranging individuals are preferred to samples from stranded animals. Further research on the influence of factors (age, sex, reproductive condition, diet) that potentially affect retinoid levels is required to implement the use of retinoids as biomarkers of pollutant exposure in cetaceans.
INTRODUCTION
Linking the tissue concentration of a given contaminant with its effect on an organism is a major challenge in environmental toxicology. Biomarkers, defined as contaminant-induced variations in the cellular or biochemical components of a process, structure or function that can be assessed in a biological system (NRC 1989) , are being developed and applied to establish such a relationship. Biomarkers are expected to provide an integrated measure of the response of an organism to exposure to a chemical or group of chemicals and, hence, a measure of toxicological risk (McCarthy & Shugart 1990 , Depledge & Fossi 1994 . Pollution by organochlorines is a source of concern for top predator cetaceans and pinnipeds (Reijnders & Aguilar 2002) . Substantial literature reports the monitoring of these compounds in this group (O'Shea & Aguilar 2001) . However, the application of biomarkers remains incipient.
In mammals, body levels of retinoids are disrupted by organochlorine compounds, particularly polychlorinated biphenyls (PCBs). Consequently, retinoids have been proposed as sensitive biomarkers (Peakall 1992 , Murk et al. 1998 and several studies have addressed their potential application to marine mammals (Rolland et al. 2000 , Borrell et al. 2002 . Retinoids are a family of lipid-soluble substances that possess Vitamin A-like biological activity, including compounds such as retinol and retinol derivatives, retinal, retinyl palmitate and retinoic acid (Blomhoff et al. 1992) . In mammals, they can be provided only through diet (Blomhoff et al. 1991) and are crucial for vision, growth, bone development, reproductive success, immune function, normal differentiation and proliferation of cells, and maintenance of the general health of the organism (Wolf 1984 , Favennec & Cals 1988 , Blomhoff 1994 . Retinoid deficiency is associated with a diversity of anomalies, such as reproductive impairment, embryonic mortality, growth retardation, and decreased resistance to infections (Thompson 1976 , Peakall 1992 . These symptoms are similar to those that some environmental pollutants, particularly PCBs, dioxins (2, 3, 7, and DDTs, produce in mammals (Arnold et al. 1995 , Colborn & Smolen 1996 , including marine mammals (Busbee et al. 1999 , Respess et al. 1999 . Therefore, retinoid deficiency may also enhance the toxicity of these compounds.
Traditionally, disruption of body retinoids has been assessed through plasma levels in terrestrial (Brouwer & Van der Berg 1986 , Bank et al. 1989 , Brouwer et al. 1989a , Käkelä et al. 1999 ) and marine mammals (Brouwer et al. 1989b , De Swart et al. 1994 , Jenssen et al. 1995 , Beckmen et al. 1997 , Skaare et al. 2001 , Nyman et al. 2003 . However, their concentration in plasma is, in general, regulated homeostatically (Wolf 1984 , Blomhoff et al. 1992 ). Thus, plasma may not represent a stable measure of retinoid body deficit and is therefore of limited diagnostic use. Body retinoid status should be assessed through concentration in other tissues (Borrell et al. 2002) .
Exposure of experimental animals, such as rats, mink and otters, to organochlorines leads to depletion of hepatic retinoid levels (Brunström et al. 1991 , Håkansson et al. 1992 , Chu et al. 1995 , Murk et al. 1998 , Käkelä et al. 1999 , 2002 , Kelley et al. 2000 , while those in the kidney generally increase (Brouwer et al. 1989a , Jurek et al. 1990 , Nilsson et al. 2000 . This indicates that the pollutants mobilize retinoid storage forms, which is followed by an increase in their degradation and renal elimination through the urine (Kelley et al. 1998 (Kelley et al. , 2000 . Study on the disruption of retinoids induced by pollutants in tissues other than plasma in marine mammals is restricted to the work of Nyman et al. (2003) . They found that increasing concentrations of PCBs and DDTs led to a significant decrease in hepatic retinoids of ringed seals Phoca hispida and grey seals Halichoerus grypus.
Body distribution of retinoids has not been studied in detail. In terrestrial mammals, the liver holds 70 to 90% of total body retinoids (Wolf 1984) . In marine mammals, information is practically restricted to pinnipeds. In grey, ringed, harbour (Phoca vitulina), and harp seals Pagophilus groenlandicus, the liver presented the highest retinoid concentrations, although those of the blubber were also elevated (Rodahl & Davies 1949 , Schweigert et al. 1987 , Schweigert & Buchholz 1995 , Käkelä et al. 1997 , Mos & Ross 2002 , Schweigert et al. 2002 , Nyman et al. 2003 . Lower concentrations are found in other tissues, such as kidney, lung, retina, pancreas, skin and spleen (Rodahl & Davies 1949 , Schweigert & Buchholz 1995 , Mos & Ross 2002 . In cetaceans, data on retinoid concentrations are available only for some tissues, but results are not comparable between studies because of significant variation at individual, population and species levels. The liver of cetaceans is also extremely rich in retinoids (Schmidt-Nielsen et al. 1934) , and several decades ago researchers studied hepatic concentrations in large whales with the aim to industrially extract Vitamin A from them (Klem 1935 , Wetlesen 1938 , Wagner 1939 , Braekkan 1948 , Ishikawa et al. 1948 , 1951 , Kaneko 1948 , Mori & Saiki 1950 , Tawara & Fukazawa 1950a . Other tissues have received little attention. Mori & Saiki (1950) measured retinoid concentrations in the blubber and intestine of sperm whales Physeter macrocephalus, Gregory et al. (1955) in the milk of blue whales Balaenoptera musculus, Rosas & Lehti (1996) in the milk of Amazon river dolphins Inia geoffrensis, Iida et al. (1998) in the muscle and blubber of minke whales Balaenoptera acutorostrata, and Borrell et al. (1999) in the blubber of harbour porpoises Phocoena phocoena. The scarce information on blubber retinoid in cetaceans is surprising, as this tissue can easily be sampled using non-destructive biopsy techniques (Aguilar & Borrell 1994) .
Here we studied retinoid distribution in the main body components of common dolphins Delphinus delphis in order to evaluate the representativeness of the various tissues in the assessment of body retinoid status in cetaceans. We also examined the effects of sex, body size and blubber lipid content on retinoid concentrations in these tissues.
MATERIALS AND METHODS
Sample collection. We examined and sampled 21 common dolphin carcasses (11 males and 10 females) that were incidentally caught by fishing boats in northwestern waters of Spain in 2001 and 2002. Necropsies were performed onboard no more than 12 h post mortem. Thus, the individuals sampled were fresh and were considered to be representative of the population. Dolphins were measured and sexed, and samples of liver, kidney, lung, heart, muscle, and blubber were collected from each individual. Blubber samples were excised from the region posterior to the dorsal fin. To avoid the potential effect of lipid stratification on retinoid concentrations (Aguilar & Borrell 1990), each sample was carefully taken to include all blubber layers, from the skin to the fascia adjacent to the muscle. The various body components of 1 of the dolphins was carefully excised and weighed separately to calculate total body retinoid loads. All samples for retinoid determinations were transported to the laboratory on dry ice and stored in darkness at -20°C until analysis.
Chemical analysis. For retinoid analysis, samples were treated at room temperature and under red light. The samples, which weighed ca. 100 mg each, were saponified overnight in an ethanolic KOH solution (1 g KOH, 2 ml distilled H 2 O, 2 ml ethanol, 20 mg ascorbic acid) in a mechanical shaker under a nitrogen atmosphere. Retinoids (retinol and retinyl esters) were extracted by adding 8 ml diethyl ether and shaking for 30 min. After separation from the aqueous phase, an internal standard (retinyl acetate) was added and the organic extract was cleaned 3 times with 4 ml of aqueous phosphate buffer (pH 7.4). The extract was dried under nitrogen and reconstituted with 1 ml methanol and 0.05% butylated hydroxy toluene (BHT) as antioxidant. Reconstituted samples were filtered (0.20 µm mesh) and a 20 µl subsample was injected automatically (Waters 700 Satellite wisp) into a HPLC (Waters 600 E System Controller Pump) equipped with a Restek column (Tracer Excel 120 ODS-A, 10 cm length, 5 µm beds, 0.46 cm internal diameter) and a UV detector (Waters 486 Tuneable absorbance D) set at 326 nm. The retinoid was eluted at a flow rate of 1 ml min -1 using a mobile phase of methanol/water (80/20 by volume) for 1 min, followed by a linear gradient of 3 min to 100% methanol for 14 min.
For lipid content analyses of blubber samples, a subsample of the tissue was extracted with methanol-chloroform (Folch et al. 1957) . Tissue lipid content was determined gravimetrically from the extract and expressed as a percentage of the tissue fresh weight (blubber lipid content, BLC%).
Calculation of retinoid load. One dolphin was thoroughly necropsied by excising the main body tissues, which were then weighed separately. The total amount (load) of retinoids in each tissue was calculated by multiplying its weight by its retinoid content, as determined by the analysis of a subsample. Total body retinoid load was estimated by addition of the tissue.
Statistical analysis. The analysis aimed at investigating systematic differences in retinoid concentration between different tissues (liver, kidney, heart, muscle, lung, and dorsal blubber), but nutritive condition (as measured by lipid content), sex and individual effects were other potential sources of retinoid variability. Therefore, in order to model variability in retinoids as predicted by these variables, we considered tissue as the main experimental factor, and sex, lipids and individual as potential covariates.
In usual linear models, individual effects would be treated as factors in which each dolphin would be a different level. However, such complex models were not supported by our sample size. Instead, we considered individual variability as random deviates of the population mean. In this way, different organ effects modelled across dolphins were considered to be fixed or population mean effects, and individual deviates from the population mean were considered to be random effects. Thus, we modelled variability in retinoid concentration using linear mixed-effects models (Pinheiro & Bates 2000) . Retinoid concentration was transformed to natural logarithm scale to reduce the large differences between the concentration in liver and the rest of the tissues and to normalise the data.
Models with different combinations of predicting variables were fitted to investigate the main source of variability in retinoids. The modelling also considered different variance functions to reduce heteroscedasticy, and thus improve the fit and the assessment of variability. To test assumptions about covariate effects and homoscedasticity, we used the Akaike's information criterion (AIC) (Burnham & Anderson 1998) and ANOVA methods specifically developed for mixedeffects model comparisons (Pinheiro & Bates 2000) . Models with comparably lower AIC provided the best fit in terms of a good compromise between model parsimony and a good description of the data.
RESULTS
Body lengths ranged between 176 and 207 cm (mean = 195.1 cm) in males and 176 and 206 cm (mean = 190.6 cm) in females ( (Collet 1981) . Individual retinoid values ranged from concentrations below analytical detection limit for heart and lung to 460 µg g -1 for liver, while mean values ranged between 1.5 and 134 µg g -1 , with extreme figures for lung and liver, respectively ( Table 2) . The largest variation in mean retinoid concentration (unmodelled) was between different tissues, and the lowest variation was by sex (Fig. 1) . Individual variation was moderate in comparison, but the boxplot of the residuals (Fig. 2) of mixed-effects models (Table 3 ; Model 6) highlighted individual variability and outlier effects. The residuals were centred at zero, indicating a relatively good model fit, but also a larger variability in males than in females.
Models allowing different variances first by tissue and by sex reduced heteroscedasticity (Table 3 ; Mod-els 2 and 3), and also reduced the number and dispersion of outliers towards normality. A model with different variance by sex fit less well than a model with different variance by tissue, suggesting that individual deviations from the mean retinoid concentration in tissues masked possible sex effects. Therefore, the next comparisons were based on models with different variance by tissue, including different covariates as independent linear predictors of retinoid concentration.
Model 6, which had blubber lipid content as a covariate, provided a significant improvement in relation to Model 2, as shown by a lower AIC. Although the explanatory power of the 2 models was comparable, the latter result was in agreement with the lipophilic nature of retinoids, suggesting that retinoid concentration was strongly related to lipid content.
Models 4 and 5, with sex and body size as covariates respectively, did not provide a better fit than Model 6, but a model with sex, lipid content and the interaction between the 2 (Model 8) provided the best fit among models. The ANOVA tests for this model indicated that differences in retinoid concentration were highly significant between tissues (F = 219.640; df = 5; p < 0.0001), that retinoid covaried with lipid content (F = 6.440; df = 1; p = 0.0219), and that the interaction between sex and lipid content affected retinoid concentration (F = 8.134; df = 1; p = 0.0115).
The maximum likelihood estimates of variance components (σ) were 0.111 for between-dolphin variation (σ, approximately 95% CI: 0.034 to 0.368) and (1) is as Eq.
(1) (see text) and more complicated models add structure to the variance model and additional covariates sex (S), body size (BS), and the overall lipid content (LP) of retinoid variation. Model testing is based on ANOVA methods specifically developed for mixed-effects models (Pinheiro & Bates 2000) . In this test, a p-value below 0.05 indicates a significantly better fit of the model with more structure, i.e. larger df. In the model notation α j was the population mean retinoid concentration, also known as fixed effects; b i was a random variable representing the deviation from the population mean α j of the mean retinoid concentration in the ith dolphin, also known as random effects; ε ij was the residual variance, which measured unexplained within-dolphin variability in retinoid concentration among tissues; β i represents the effect corresponding to the covariate name. Heteroscedasticity was modelled using different residual variance functions. These functions considered different variability for different tissues and sex; for instance, for sex, var(ε ij ) = σ 2 δ 2 sex with a different variance parameter δ l corresponding to each of the l sexes. Interactions between covariates, for instance, between sex and lipid content, are noted as LP-in-S. Df: degrees of freedom; AIC: Akaike's information criterion;
LogL: Model log-likelihood; LRT: likelihood ratio statistic; Test: indicates which models are compared value as 100%, it was calculated that the body tissues stored from 53% (liver) to 0.16% (heart) of retinoid body load.
DISCUSSION
We found that variability among organs within the same individual was much higher than among distinct individuals for the same organ. Consequently, the choice of tissue to monitor retinoids in common dolphins is a central issue.
As established for most terrestrial and marine mammals, the liver presented the highest retinoid concentrations; However, interspecific variation was large. The concentrations found were lower than those found in the liver of other cetacean species, such as blue, fin (Balaenoptera physalus) and sperm whales (Schmidt-Nielsen et al. 1934 , Klem 1935 , Wagner 1939 , Braekkan 1948 . In comparison to other marine mammals, our concentrations were higher than those reported for harbour and freshwater ringed seals (Rodahl & Davies 1949 , Käkelä et al. 1997 , Mos & Ross 2002 , similar to those in hooded and marine ringed seals and California sea lions Zalophus californianus (Rodahl & Davies 1949 , Ball et al. 1992 , Käkelä et al. 1997 , and lower than those reported for harp, grey, fur (Arctocephalus pusillus doriferus) and bearded seals Erignathus barbatus and polar bears Ursus maritimus (Rodahl & Moore 1943 , Rodahl & Davies 1949 , Southcott et al. 1974 , Ball et al. 1986 , Schweigert et al. 1987 , 2002 .
Although these high concentrations of retinoids in principle suggest that the liver may provide an important measure of body retinoid status, the contribution of this organ to total retinoid reserves in common dolphins was estimated to be only 53%, while in terrestrial mammals it accounts for up to 90% (Blomhoff 1994) . It should be taken into account that the retinoid load of liver, as well as those of the other analysed tissues, was obtained from only 1 common dolphin and, therefore, the obtained values must be interpreted with caution. In addition to this, liver is not a practical tissue for monitoring free-ranging populations as it requires the capture, immobilization and handling of the individual, and the use of highly invasive biopsy techniques or, alternatively, necropsy when the individual is sacrificed or found dead.
In mammals, kidneys constitute another large reserve for retinoids (Bomhoff et al. 1991) . Kidney values for common dolphins were similar to those found in grey seals (Rodahl & Davies 1949 , Schweigert et al. 2002 and higher than those in harp seals (Rodahl & Davies 1949) . Nevertheless, all kidney concentrations were several orders of magnitude lower than those of the liver and, occasionally, almost bordered analytical detection limits. The retinoid concentrations in the muscle, lung, and heart of the common dolphins were also insignificant compared to those of the liver. The contribution of these 4 tissues to the total retinoid load was lower than 4%; therefore, none appear to be representative of retinoid status in marine mammals.
As retinoids are fat-soluble, they accumulate in lipidrich tissues. Blubber is the fattest compartment in marine mammals and it has been proposed that this tissue is an important body depot for retinoids in pinnipeds (Schweigert et al. 1987 , 2002 , Käkelä et al. 1997 ). In cetaceans, information is more limited, but the high blubber retinoid levels found in the present study, and those reported in a similar study on harbour porpoises (Borrell et al. 1999) , are comparable to those found in grey seals (Schweigert et al. 1987 , 2002 , Schweigert & Buchholz 1995 , Nyman et al. 2003 ) and ringed seals (Käkelä et al. 1997) , but much higher than those reported in harp seals (Rodahl & Davies 1949) .
Blubber constitutes a significant proportion of the total body mass of marine mammals, approximately 40% in pinnipeds (Schweigert et al. 1987 ) and 15 to 45% in cetaceans (Aguilar et al. 1999) . Consequently, although blubber retinoid concentrations are lower than those in liver, the contribution of the former to the total retinoid reserves is comparatively as high as that of the latter. Schweigert et al. (1987) and Mos & Ross (2002) determined that ca. 40 and 66% of body retinoids were stored in the blubber of grey and harbour seals, respectively. In the common dolphin studied here, blubber was estimated to contribute 43% of body retinoids, although this is probably an underestimate because the blubber location sampled (posterior to the dorsal fin) is likely to contain slightly lower retinoid concentrations than other blubber regions (Tornero et al. 2004) . Given that blubber can be readily obtained from both free-ranging and captured individuals using biopsy techniques (Aguilar & Borrell 1994), we propose blubber as a tissue of choice for monitoring retinoid status in delphinid populations. However, blubber is a massive compartment that covers the whole body surface of cetaceans and presents substantial heterogeneities in structure and composition between body sites (Iverson 2002) . In a previous study, Tornero et al. (2004) found significant within-blubber topographical variation in retinoid concentrations in common dolphins. Protocols for monitoring retinoids through this tissue must ensure consistency in body sample location to guarantee comparability of results.
In all large cetacean species, and independently of body location, blubber presents a stratified structure that reflects the various functions of the distinct layers (Lockyer et al. 1985 , Aguilar & Borrell 1990 , Lockyer 1991 . Because blubber thickness in these animals can be between 3 and 50 cm depending on the species (Iverson 2002) , representative sampling is difficult because only a few grams of the blubber thickness can be used in the analysis. However, in small cetaceans, such as common dolphins, this effect is limited (Koopman et al. 1996) and can be easily overcome by collecting and analysing sections of blubber that contain all blubber layers, as in the procedure followed in the present study.
Blubber lipid content (BLC) was a strong determinant of overall retinoid concentration. We found a positive relationship between retinoid concentration and BLC, which is in agreement with Tornero et al. (2004) . The body distribution of retinoids is significantly affected by the physicochemical properties of their molecules; thus, not only do retinoids concentrate in lipid-rich tissues, but also their concentration within a given tissue is proportional to the lipid content of this tissue. However, this relationship was not observed by Rodahl & Davies (1949) in hooded seals Cystophora cristata and harp seals, by Borrell et al. (1999) in harbour porpoises, or by Mos & Ross (2002) in harbour seal pups. Lactation, migration, disease and other factors cause the mobilization of lipids and, presumably, that of the blubber-associated retinoid reserves. In these situations, retinoids may be either redistributed or excreted, and significant variation in tissue concentrations is expected. Consequently, stranded cetaceans, which are often in poor nutritive condition, are a poor sample group to assess retinoid status of populations because they are likely to show altered retinoid values.
Other individual traits (e.g. age, sex, diet, pollutant concentrations) also generate variability in retinoid status (Borrell et al. 2002) . We did not find significant differences in retinoid concentrations between males and females for any of the tissues, which is in agreement with the results obtained by Borrell et al. (1999) in blubber of harbour porpoises and by Mos & Ross (2002) in blubber of young harbour seals. However, Schweigert et al. (1987) and Nyman et al. (2003) found sex-related differences in blubber of adult grey seals and harbour seals, respectively. Rodahl & Davies (1949) , Southcott et al. (1974) and Schweigert et al. (1987) also reported these differences in the liver of hooded, harp, fur and grey seals. Taxonomic, dietary, life-cycle and reproductive status dissimilarities between the individuals sampled could explain these sex-related variations; However, we found that the interaction between sex and lipid content affected tissue retinoid concentration. This appears to indicate that the relationship between retinoid levels and BLC in males and females differs. Reproductive activity may explain this difference, as it often involves changes in behavioral traits and diet. Further research into the influence of factors or conditions (age, sex, reproductive condition, diet) inducing variation in retinoid status and deposition in blubber is required to implement the use of retinoids as biomarkers of pollutant exposure in cetaceans.
